The Mediator complex is required for the regulated transcription of nearly all RNA polymerase II-dependent genes. Here we demonstrate a new role for Mediator which appears to be separate from its function as a transcriptional coactivator. Mediator associates directly with heterochromatin at telomeres and influences the exact boundary between active and inactive chromatin. Loss of the Mediator Med5 subunit or mutations in Med7 cause a depletion of the complex from regions located near subtelomeric X elements, which leads to a change in the balance between the Sir2 and Sas2 proteins. These changes in turn result in increased levels of H4K16 acetylation near telomeres and in desilencing of subtelomeric genes. Increases in H4K16 acetylation have been observed at telomeres in aging cells. In agreement with this observation, we found that the loss of MED5 leads to shortening of the Saccharomyces cerevisiae (budding yeast) replicative life span.
In Saccharomyces cerevisiae (budding yeast), telomeric DNA consists of imperfect tandem repeats of the consensus sequence (TG [1] [2] [3] ) n , with a combined length of about 300 nucleotides (21) . Next to the telomere is the subtelomeric region, which often contains two types of repeats, the YЈ and X elements. The YЈ elements are between 4 and 12 kb long and are located next to the telomeres at many chromosome ends (26) . The sizes of X elements vary, but they always contain a "core X" repeat region that is found at nearly all telomeres. Depending on how the YЈ and X elements are distributed, S. cerevisiae chromosome ends can be divided into X and X-YЈ types (22, 23) .
Genes situated close to telomeres undergo reversible silencing, a phenomenon that has been termed the telomere position effect (TPE) (28) . This effect was first observed when a reporter gene was inserted next to a telomeric TG [1] [2] [3] tract of an artificial telomere. TPE can also be observed at native yeast telomeres, but the phenomenon appears to be a bit more complex at these locations, since TPE varies between telomeres and in different strain backgrounds (29, 40, 41) . The molecular basis of TPE is believed to be the Rap1, Ku, and Sir protein-mediated spreading of heterochromatin-like structures from the telomeric DNA inwards, which represses genes located in the subtelomeric region (42) . According to this model, the Rap1/Ku/Sir structures are formed at telomeres and propagate toward the subtelomeres via interactions between the Sir proteins and histone tails. Sir2 is an active histone deacetylase that removes the acetyl group on lysine 16 of histone H4 (H4K16), which allows Sir3 and Sir4 to bind the nonacetylated histone tails (11, 35) .
As mentioned, TPE varies between individual chromosome ends, and the exact repeat structure of the subtelomeric region may in fact influence the spread of heterochromatin. YЈ elements counteract the spread of Sir proteins, and the YЈ regions display high levels of H4K16 acetylation. Furthermore, YЈ elements are highly enriched in nucleosomes and are transcriptionally active. In contrast, even X elements situated at some distance from the telomeric ends appear to be repressed transcriptionally. The X elements lack a defined nucleosomal structure, are bound by Sir proteins, and have very low levels of H4K16 acetylation (45) . At some telomeres, an actively transcribed YЈ element may even separate the telomeric repeat region from a repressed X element bound by Sir proteins.
Deacetylation of H4K16 by Sir2 stimulates the spread of the Rap1/Ku/Sir structures, whereas Sas2, an H4K16-acetylating enzyme, antagonizes this process (36) . The opposing effects of Sir2 and Sas2 generate a gradient of H4K16 acetylation, which in turn marks the boundary between active and silenced chromatin near telomeres. How the balance between Sir2 and Sas2 is regulated is not understood in detail, but a recent report implicated the SAGA subunit Ada2 as a possible regulator of this process. Ada2 was shown to bind telomeric chromatin and the silencing protein Sir2 in vivo, and loss of ADA2 increased the levels of Sir2 and Sir3 in subtelomeric regions, concomitant with decreased H4K16 acetylation (13) .
The SIR2 gene has also been identified as a major determinant of the replicative life span in budding yeast (18) . Inactivation of SIR2 reduces the yeast life span, whereas an increase in SIR2 dosage extends the life span. The Sir2 protein represses homologous recombination within ribosomal DNA repeats, which reduces the formation of extrachromosomal ribosomal DNA circles and directly reduces the pace of aging in yeast (33) . Longevity in yeast might also be regulated by H4K16 acetylation and the chromatin state at telomeres, since there is an age-associated decrease in Sir2 protein occupancy at telomeres in replicatively old yeast cells (7) . This change leads to an increase in H4K16 acetylation and causes compromised transcriptional silencing in the subtelomeric region. Interestingly, Sas2 appears to antagonize the effects of Sir2 on chromatin and life span, suggesting that the exact boundary between active and inactive chromatin may directly influence the replicative life span in budding yeast (7) .
Mediator is an evolutionarily conserved coregulator complex required for transcription of almost all RNA polymerase II (Pol II)-dependent genes (5) . One function of this multiprotein complex is to serve as a functional bridge between gene-specific regulatory proteins bound to upstream elements and the general transcription machinery bound at the promoter. Several pieces of evidence also link Mediator to the maintenance of telomeric heterochromatin. Deletion of genes encoding Mediator components (MED1, MED15, MED18, and MED20) leads to shortening of telomere repeat lengths (2) . In addition, deletion of MED15 suppresses silencing defects in a rap1 mutant strain and restores telomere repeat length to near wildtype (wt) levels (37) .
We previously observed that purified Mediator interacts directly with reconstituted mononucleosomes (20) . Here we demonstrate that Mediator associates with heterochromatin at telomeres and regulates the balance between Sir2 and Sas2. This appears to be a completely new role for the Mediator complex that is distinct from its role as a transcriptional coregulator. Loss of the Med5 component of Mediator causes decreased Mediator occupancy and a defect in the heterochromatin block, which in turn leads to impaired telomeric silencing. The observed effects appear to be functionally significant, since the change of the boundary between active and inactive chromatin at telomeres in the med5⌬ strain is associated with a shortening of the replicative life span.
MATERIALS AND METHODS
ChIP. Chromatin immunoprecipitation (ChIP) assays were performed as previously described (46) . Briefly, we cultured yeast cells to an optical density at 600 nm (OD 600 ) of 0.6 to 0.8, followed by cross-linking by incubation with 1% formaldehyde for 10 min at room temperature. The reactions were quenched with 125 mM glycine, and the cells were spun down for 5 min at 3,000 rpm and 4°C. Pellets were washed twice in cold phosphate-buffered saline (PBS) and resuspended in 400 l cold lysis buffer with protease inhibitors (Roche). The fixed cells were lysed with 400 l glass beads (Sigma-Aldrich), using a FastPrep-24 machine (MP Biomedicals). The extracts were sonicated to obtain chromatin fragments of about 250 bp (Bioruptor UCD-200; Diagenode). Antibodies used for chromatin immunoprecipitation were against histone H4 (ab2423; Abcam), the C-terminal domain of RNA polymerase II (4H8; Abcam), acetylated H4K16 (ab61240; Abcam), Med1 (a gift from Stefan Björklund, Umeå University, Sweden), Sir2 (ab4626; Abcam), and Sas2 (a gift from Jerry L. Workman, Stowers Institute for Medical Research). After overnight incubation with antibody, 30 l of protein A Sepharose slurry (GE Healthcare) was added to the reaction mixtures, followed by incubation for 1 h. After being washed and eluted, samples were treated with proteinase K and the cross-link was reversed by overnight incubation at 65°C. DNA was purified by phenol-chloroform extraction, ethanol precipitation, and incubation with RNase A. The purified DNA was used for real-time PCR analysis (Bio-Rad). The names and sequences of the primers used are available at on request. Quantifications were performed using real-time PCR software (Bio-Rad) and Excel (Microsoft); ratios of IP/input are depicted in the figures after subtracting ratios obtained with a nonantibody control.
Global gene expression profiles and data analysis. Expression profiling data were obtained from a previously published study (39) . Moving average analysis was carried out with Microsoft Excel and Access (Microsoft) as previously described (43) . For each coding gene, the distance to the nearest chromosome end was calculated based on the translation start site (ATG).
Yeast strains. Saccharomyces cerevisiae strains used in this study are listed at http://mitochondria.home.dyndns.org/medkem/SuppL.
Electrophoretic mobility shift assays. The Mediator complex was purified from yeast as previously described (25) . Flag-tagged Sir3 protein was overexpressed and purified from yeast as described previously (27) . To test binding of Mediator to 32 P-labeled mononucleosomes, we performed electrophoretic mobility shift assays as previously described (9, 20, 44) , with the following modifications. Binding reaction mixtures (12 l) comprised a buffer containing 10 mM Tris-Cl (pH 8.0), 5% glycerol, 50 mM NaCl, 0.1 mg/ml bovine serum albumin (BSA), 1 mM dithiothreitol (DTT), and 0.16 nM nucleosomes, with or without Sir3 or Mediator complex at the final concentrations indicated in the figure legends.
Life span analysis. To determine the replicative life span, wild-type (BY4741) and med5⌬ cells were grown to mid-log phase (OD 600 Ϸ 0.5) at 30°C and plated on yeast extract-peptone-dextrose (YPD) medium. Experiments were performed with 64 virgin cells per plate. Plates were incubated at 30°C during working hours and kept at 4°C overnight. Daughter cells generated by each individual mother were removed and counted by a micromanipulator (Singer Instruments) , and the life span was calculated as described previously (15) . Statistical assessment of life span differences was determined using the Wilcoxon rank sum test.
RESULTS
Mediator mutant strains affect telomeric silencing. Components of the Cdk8 module of Mediator have been shown to repress transcription of many genes, and genome-wide analysis demonstrated that this effect was independent of gene localization relative to the telomere ( Fig. 1A and data not shown). In contrast, deletion of the MED16 gene caused a specific increase in the transcription of genes located in subtelomeric regions (Fig. 1A) . We previously reported that Mediator binds near the telomere region (34) , and the effect of the med16⌬ mutation that we now observed could therefore indicate that Mediator directly regulates transcription activity in the subtelomeric region. To investigate this possibility, we used a URA3 marker inserted next to the (TG 1-3 ) n repeat region of telomere 7L (tel7L) (34) . In wt cells, this URA3 marker is subjected to telomeric silencing, but deletion of genes regulating the telomeric structure, e.g., SIR2, has previously been shown to activate expression of this telomeric marker gene. We used this approach to investigate effects in the med16⌬ strain. We also investigated effects of MED5 and MED15 deletions. The Med5 protein forms a distinct Mediator submodule together with the Med16 protein. The Med15 protein is also associated with Med16 in the tail module of the Mediator complex but forms its own subcomplex with two other Mediator components, Med2 and Med3. The med15⌬ strain displayed a slow-growing phenotype, but we could not observe significant effects on URA3 gene expression in this strain (Fig. 1B) . In contrast, loss of MED16 caused a silencing defect, demonstrating that the Med16 protein may be required for telomeric silencing. Surprisingly, the med16⌬ strain was also able to survive in the presence of 5-fluoroorotic acid (5-FOA), a substrate that should kill cells expressing URA3. This observation suggested that loss of MED16 might cause a metastable situation, with fluctuation between an active and a repressed state for the URA3 gene, similar to the incomplete suppression of the his4-912␦ gene construct by deletion of MED16 (14) . Heterochromatin silencing occurs not only at telomeres but also at the mating type loci. In S. cerevisiae, a cells respond to the ␣ cell mating pheromone (the ␣ factor) by growing a projection known as a shmoo. To investigate if the med16⌬ cells gener- ated a metastable chromatin phenotype at mating type loci, we investigated shmoo formation after ␣ factor treatment of MATa cells (8) . Among wild-type cells, 79% (n ϭ 320) responded to ␣ factor to activate shmoo formation, whereas only 46% of med16⌬ cells (n ϭ 518) displayed shmoo formation. Therefore, med16⌬ cells display a metastable phenotype at both telomeres and mating type loci. Even though we found this effect very interesting, it made further analysis of subtelomeric silencing in the med16⌬ strain difficult. The med5⌬ strain also displayed a subtelomeric silencing defect, but in contrast to the case for the med16⌬ strain, the phenotype appeared to be stable, since the strain was unable to grow on 5-FOA (Fig. 1B) . Real-time quantitative PCR confirmed this observation and revealed upregulation of URA3 transcription in med5⌬ cells similar to that seen in the sir2⌬ strain (Fig. 1C) . Deletion of MED5 affects very few genes, and it was therefore difficult to observe statistically significant changes between different chromatin regions. We could conclude, however, that the frequency of genes affected in the med5⌬ strain was slightly higher near telomeres than at other regions, further supporting a role for the Med5 protein in subtelomeric silencing (data not shown). Telomeres have a distinct chromosome conformation which can block binding of Pol II and other transcription factors. We performed a ChIP assay to monitor Pol II occupancy at the promoter and coding regions of the telomeric URA3 gene. In agreement with our observation of increased gene transcription, we found increased Pol II occupancy at both the promoter and coding regions of the gene (Fig. 1D) . The tel7L-URA3 strain lacks the PPR1 gene, which encodes an activator of URA3 gene tran- scription. The absence of the Ppr1 protein may increase the distance over which telomeric silencing of URA3 is observed and therefore create somewhat artificial effects. We therefore also investigated silencing in strains with the PPR1 gene intact in which the URA3 marker had been inserted at different locations of the native yeast telomere 11L (29) . In wt cells, URA3 transcription was strongly repressed in the subtelomeric X element, located close to the telomeric repeat region, whereas URA3 located further downstream of the telomere end displayed gradually weaker repression (Fig. 1E ). In the med5⌬ cells, we observed derepression at the X element as monitored by decreased 5-FOA resistance, demonstrating a role for Med5 in repression of transcription at native telomeres, particularly at X elements. Reduced Mediator complex occupancy in Med5 mutant. Previously published genome-wide studies have demonstrated the presence of Mediator in subtelomeric regions (1, 10) . Given the observed effects of the med5⌬ mutation on telomeric silencing, we decided to test whether deletion of MED5 leads to reduced Mediator complex occupancy at this location. To monitor Mediator occupancy, we performed ChIP analysis with an antibody against the Mediator component Med1 (Fig.  2) . For our analysis, we used 10 primer pairs detecting genomic regions situated at various distances (0.9 to 19 kb) from the TG 1-3 repeats of tel7L ( Fig. 2A) . We observed a distinct peak of Mediator occupancy near the X element (primer pairs 1 and 2), whereas Mediator occupancy was lower at more distant positions (Fig. 2B) . Mediator occupancy at the peak position near the telomeric end (primer pairs 1 and 2) was significantly reduced in the med5⌬ mutant strain, whereas other sites were unaffected.
The subtelomeric region of tel7L contains an X element (positions Ϫ781 to Ϫ35) situated directly adjacent to the TG [1] [2] [3] repeats, but very similar X elements are also present at other chromosome ends. Therefore, we could not construct a primer pair that would specifically amplify the X element at tel7L. We could, however, use primer pairs against unique sequences within the X and YЈ elements in the subtelomeric region of tel5R (7) . For comparison, we used primers detecting other chromosome regions, i.e., the ACT1 promoter (active euchromatin), NTS1 and RDN58 (transcribed ribosomal DNA), and HML-␣1 (mating type locus). We noted that Mediator occupancy was distinctly different between X and YЈ elements in wild-type cells, with the levels of Mediator occupancy being about 10-to 15-fold higher at the YЈ elements than at X elements (Fig. 2C) . In fact, we observed nearly no Mediator binding to the tel5R X element, suggesting that Mediator is more or less absent from this region. Interestingly, loss of Med5 led to a reduction of Mediator at YЈ elements but did not affect the other genomic locations investigated. Our data for Mediator occupancy at telomeres C5R and C7L therefore suggested that Mediator is located in genomic regions bordering chromosome ends and X elements, e.g., in the YЈ-element region, but that the complex is absent from the X element itself.
Loss of Med5 changes Sir2 and Sas2 protein occupancy at X elements.
Both TG 1-3 repeat regions and X elements lack a defined nucleosome structure and instead are bound by Sir proteins. The opposing effects of Sir2 and Sas2 generate a gradient of H4K16 acetylation, which in turn marks the boundary between active and silenced chromatin near telomeres. Given its genomic location and its requirement for subtelomeric silencing, we wondered if Mediator could directly contribute to the formation of this border. Indeed, deletion of MED5 caused a significant reduction of Sir2 levels at the X element in both telomeres 5R and 7L (Fig. 3A and B) . The observed changes were not due to an overall effect on Sir2 levels, since a Western blot analysis of whole-cell extracts demonstrated that the global amounts of the Sir2 protein remained unchanged in the Med5 mutant strain (Fig. 4A) .
Given the effects on Sir2 occupancy, we also monitored binding of Sas2, the dominant H4K16 acetyltransferase, which has been shown to antagonize Sir2 in telomeric regions (16, 36) . In this experiment, we observed a significant increase in the level of Sas2 occupancy in med5⌬ mutant cells at X elements ( Fig. 3C and D) , whereas Sas2 occupancy at other regions remained unchanged. Our results therefore demonstrated that the Mediator complex could affect the balance between Sir2 and Sas2 in subtelomeric regions.
Loss of Med5 leads to increased H4K16 acetylation levels in the subtelomeric region. To investigate the functional consequences of the observed changes in Sir2 and Sas2 occupancy, we investigated if deletion of MED5 could influence levels of H4K16 acetylation and the genomic distribution of this modification. Total levels of H4K16 acetylation were monitored by immunoblotting with whole-cell extracts and remained unchanged in the Mediator mutant strains investigated (Fig. 4A) .
We also monitored the levels of the Sas2 proteins, which remained constant in the wt and mutant cell extracts, similar to the case for Sir2.
We next investigated if loss of MED5 could induce changes in histone occupancy and H4K16 acetylation at different genomic locations. In wt cells, histone H4 occupancy is very low at X elements, and we observed a slight but consistent increase of H4 at these locations in the med5⌬ mutant strain (Fig. 4B) . No other gross alterations in histone H4 occupancy were observed. We next monitored the levels of H4K16 acetylation normalized to total histone H4 occupancy and noticed a dramatic increase in H4K16 acetylation levels at the X core element of tel5R. We also noted a significant increase at the neighboring X repeat element (Fig. 4B) . No other genomic regions were affected.
We next examined the effects of the MED5 gene deletion on the C7L chromosome end that lacks a conserved YЈ element but contains an X element situated next to the telomeric repeat region. In wt cells, we found that histone H4 occupancy and H4K16 acetylation levels were at their lowest close to the X element and telomere end (Fig. 4C) . In the med5⌬ strain, we observed a strong increase of H4K16 acetylation near the telomere end by use of primer pairs 1 and 2, whereas the other locations were unaffected. Since primer pairs 1 and 2 are located near the boundary of the X element in tel7L, this observation supported the idea that loss of Med5 leads to increased levels of H4K16 acetylation near X elements. Similar to our observations at the tel5R X element, we observed a slight increase in H4 occupancy near the tel7L X element in the med5⌬ mutant strain.
Our data therefore demonstrate that Mediator mutations lead to decreased Sir2 occupancy, which is linked to increased Sas2 and H4K16 acetylation levels at X elements. Mediator appears to cause this effect by binding to genomic regions VOL. 31, 2011 MEDIATOR AND SUBTELOMERIC SILENCING 2417 adjacent to X elements but not to the X element itself (Fig.  2C) . We next investigated if other Mediator mutations could influence the exact boundary between active and inactive chromatin. We found that a temperature-sensitive mutation in the gene encoding Med7 caused a dramatic change in H4K16 acetylation and in the distribution of Sas2 and Sir proteins (data not shown). We analyzed the tel7L region by using 10 different primer pairs as described above. In the Med7 mutant strain (med7-163), the levels of H4K16 acetylation and Sas2 were increased about 3-fold at positions close to the telomere, whereas Sir3 occupancy was decreased Ͼ2-fold at the same positions upon a shift from the permissive to the nonpermissive temperature. The changes observed in the med7-163 strain were therefore similar to but even more dramatic than those observed in the med5⌬ mutant strain. Sir3 and Mediator compete for binding to nucleosomes. As demonstrated here, both Mediator and Sir proteins bind to subtelomeric regions. Our ChIP data suggested mutually exclusive targeting of Mediator and Sir proteins and that Mediator is not a stoichiometric component of heterochromatin akin to the Sir proteins. We therefore wanted to investigate if Mediator and Sir3 could co-occupy the same nucleosomes in vitro. To investigate this phenomenon in vitro, we followed previously published protocols and purified Mediator to near homogeneity (see Fig. 2C in reference 3) . We preincubated purified Mediator with reconstituted nucleosomes and analyzed complex formation in gel retardation experiments (Fig.  5) . We noticed the formation of a Mediator-nucleosome complex (Fig. 5A) , as previously reported (20) . To further verify the identity of this complex, we also used a Mediator complex, purified from ⌬med2 cells, that lacks the Med2, Med3, and Med15 subunits (24) . We incubated the smaller ⌬med2 Mediator with mononucleosomes and compared the results with those obtained for the wild-type Mediator complex. Indeed, the ⌬med2 mutant Mediator bound mononucleosomes with an affinity comparable to that observed with wild-type Mediator (Fig. 5A ), but the shifted band was lower due to the decreased molecular weight of the mutant Mediator.
Next, we investigated if Mediator could compete with Sir3 for binding to mononucleosomes. We first created Sir3-nucleosome complexes with different concentrations of Sir3. We noted the formation of a distinct complex between Sir3 and mononucleosomes (Fig. 5B, lanes 3, 5, and 7) . We added Mediator to free mononucleosomes or to mononucleosomes that had been preincubated for 10 min with the indicated concentrations of Sir3. We noted that Mediator could compete with Sir3 for binding to mononucleosomes in a manner that depended on the concentrations of Sir3 and Mediator (Fig. 5B,  lanes 4, 6, 8, and 9) . Interestingly, it appeared that Mediator bound to nucleosomes more strongly than did Sir3, since much lower concentrations of Mediator (than of Sir3) were necessary to shift mononucleosomes and to outcompete Sir3 for mononucleosome binding (Fig. 5B) .
Deletion of MED5 shortens replicative life span. H4K16 acetylation has been implicated in the regulation of cellular life span in S. cerevisiae (7) . In old yeast cells, the total protein level of Sir2 was decreased, which in turn led to an increase in H4K16 acetylation and to compromised subtelomeric transcriptional silencing. Since we had observed an effect of Mediator on the balance between Sir2 and Sas2, we decided to examine the effect of a MED5 deletion on replicative life span. In agreement with the idea that Med5 may be a key factor in the regulation of subtelomeric H4K16 acetylation patterns, we observed an approximately 20% decrease of the replicative life span in the med5⌬ mutant compared to that for wt cells (Fig. 6 ).
DISCUSSION
In this work, we demonstrate that Mediator associates with telomeric regions and influences the exact boundary between active and inactive chromatin. We suggest that Mediator influences the delicate balance that exists between Sir2 and Sas2. The opposing effects of these enzymes are believed to generate a gradient of H4K16 acetylation, which in turn marks the boundary between active and silenced chromatin near telomeres. Our data suggest that Mediator may interact directly with the subtelomeric region and physically regulate this balance. Mutations that lead to a loss of Mediator from this region cause a decrease of subtelomeric silencing and a shift in the H4K16 acetylation gradient.
Our findings are distinctly different from those presented in a recent report that identified the SAGA subunit Ada2 as a possible regulator of the Sir2-Sas2 balance at telomeres (13) . Ada2 was shown to bind telomeric chromatin and the silencing protein Sir2 in vivo, and loss of ADA2 caused a spread of Sir2 and Sir3 into subtelomeric regions and decreased histone H4K16 acetylation. Interestingly, a series of publications demonstrated a close link between the SAGA complex and Mediator (17, 31) . The two protein complexes appear to be required for stepwise activation of transcription at many promoters. In addition, recruitment of Mediator and the SAGA complexes by Gcn4 has been shown to be interdependent (30, 38) . Furthermore, the SAGA complex makes physical contacts with Mediator, and mutations/deletions of many genes encoding SAGA components (including ADA2) synthetically interact with mutations/deletions of Mediator-encoding genes (6, 19) .
In our studies, we observed a dramatic increase of H4K16 acetylation at the conserved X core element and also noticed a slight increase of histone H4 levels. The function of this element is not well understood, but in wt cells it is depleted of nucleosomes and instead bound by typical telomeric proteins, e.g., Sir2 and Rap1 (45) . Based on our findings, we suggest that Mediator helps to set up the boundary between X elements bound by Sir proteins and surrounding regions bound by Sas2. In support of this notion, we found that deletion of MED5 or temperature-sensitive mutations in MED7 could disturb the balance between Sir2 and Sas2, consequently allowing nucleosomes acetylated at H4K16 to "leak" into nearby X elements.
How Mediator is recruited to X element border regions is not yet clear, but one factor could be the modification status of the histones, since Mediator can interact with histone H4 Nterminal tail peptides and H4K16 acetylation has a strong negative effect on this interaction (X. Zhu et al., submitted for publication). Even if Mediator and Sir3 can both bind to deacetylated H4 N-terminal tails and nucleosomes in vitro, they figure) were incubated with 32 P-labeled reconstituted mononucleosomes (0.16 nM) for 10 min, after which Mediator (at the concentrations specified in the figure) was added to the binding reaction mixtures, followed by incubation for another 10 min.
FIG. 6. The med5⌬ strain displays a shorter replicative life span than that of the wild-type strain (for BY4741, median replicative life span ϭ 24.5 generations; for med5⌬ strain, median replicative life span ϭ 20.5 generations; P ϭ 0.029). Life spans were determined by counting the total number of daughters generated by each mother cell. Experiments were performed with 64 virgin cells per plate.
VOL. 31, 2011 MEDIATOR AND SUBTELOMERIC SILENCINGcannot do so simultaneously. Instead, our experiments suggest that they are mutually exclusive, supporting the idea that Mediator may function as a border element. But Mediator blocks not only Sir3 binding but also spreading of Sas2, which may explain why the loss of Mediator does not lead to increased Sir3 occupancy but instead to a spreading of Sas2 and H4K16 acetylation into X elements. In support of this idea, overexpression of the Sas2 protein causes lower occupancy of the Sir2 protein and higher H4K16 acetylation levels in telomeric regions (32) . Interestingly, the increase of H4K16 acetylation seen in aging cells is also especially pronounced within X elements (7). Med5 is structurally located at the interface of the tail and middle modules of Mediator, and a med5⌬ mutant strain displays increased respiration and mitochondrial activity (4) . This result could potentially be coupled to our observation of a shortening life span in med5⌬ deletion cells, since impaired respiratory chain function has been linked to premature aging in many organisms. However, we determined the life span of another Mediator tail component mutant strain, the med16⌬ strain, that also displayed a similar increase in respiratory activity. We failed to observe changes in replicative life span in the med16⌬ strain, arguing against changed mitochondrial activity being the reason for aging in the med5⌬ mutant cells (data not shown). The Med5 protein has also been identified as an active histone acetyltransferase, but its substrate specificity remains unknown (12) . We do, however, find it unlikely that Med5 directly acetylates H4K16, since the observed increase in H4K16 acetylation levels was associated with a decrease of Mediator in the subtelomeric region. In addition, we cannot rule out the possibility that Med5 acts in concert with other components of the Mediator complex. We previously reported that Mediator interacts directly with Med16 and forms a specific Mediator subcomplex in the tail module of the Mediator complex. Previous reports have demonstrated that loss of MED16 is associated with global alterations in chromatin accessibility (1, 46) , and as demonstrated here, deletion of MED16 also affects subtelomeric silencing. It is therefore possible that Med5 and Med16 together form a Mediator submodule that affects chromatin structure at specific genomic locations. Med16 (in contrast to Med5) is conserved in evolution, and Mediator may therefore affect chromatin structure in higher eukaryotes as well.
A large number of studies have identified the Mediator complex as the component of the transcription preinitiation complex required to stimulate Pol II-dependent transcription. Genome-wide occupancy studies have slightly modified this view, however, and demonstrated distinctly different patterns for Mediator and Pol II (1, 46) . Mediator is present at many regions throughout the subtelomeric regions, whereas Pol II is depleted from these locations. Furthermore, Mediator is also enriched at other heterochromatin regions, such as the centromere (10). Our observations suggest that Mediator could contribute to the formation of a border between active and inactive chromatin regions. In support of this notion, loss of Med5 leads to a pronounced change in histone occupancy and H4K16 acetylation levels in X elements but does not change Mediator occupancy within the X elements. Instead, loss of Med5 affects Mediator occupancy at adjacent regions bordering the X elements. It is tempting to speculate that Mediator may have a similar function at some gene regulatory regions and that a role for Mediator in defining the border between active and inactive chromatin may be a recurring theme at many genomic locations.
